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Introduction The major elementomposition of
the Martian“soil” (surficial fines) was determined by
the Viking landers, but the trace elementnposition
is still unknown. The soiprobably forms byaltera-
tion andaeolian erosion of surficial deposits, includ-
ing glassand shock-activatedninerals. In 1997, the
Mars Pathfinder mission will providghe first direct

measurements of trace elements in the soil by the Al-

resent the degassing of magmas. Ehetence of
degassing pipes in suevite the Ries Crater [7] sug-
gestssimilar effects can occur during impact crater
formation. Estimating the abundances of such emis-
sions can beoughly approximated by examining the
emissions from terrestrialolcanoes. Symonds et al.
[6] have estimated the flux of volatile elemdrdm

the Merapivolcano, Indonesia. To compatkis to

pha Proton X-Ray Spectrometer instrument. The traceMars, which has different volatile composition, we

element composition dhe soil islikely to be quite
different from theSNC meteorites, because of chemi-
cal transporfprocesseshat enrich thesoil in mobile
elements, such as thea8d Cldetected by/iking [1].
Several types othemical transport mechanisms oc-
curred on Mars. Degassing of coolimyagma and
hydrothermal alteration driven by volcanisand im-
pact crateringprocessefransported volatilandfluid-
mobile elementsand concentrated them into the

have correctethe flux for the difference between the
Merapi lavasand thecomposition ofthe SNC mete-
orites. Themartiansoil contains substantial amounts
of S, which we have used to constrdire possible
contributions of other trace elements from tloemal-
ized flux of volcanic emissionsThe resultssuggest
that, if all of the Swas from a degassing source, ele-
ments enriched by more than a factotvad compared
to the abundance of trace elementSMC meteorites

surficial materials. Another process that can effect the include: S, Br,and Cl. Assumingthat most of the S

composition ofthe soil is thanput of chondritic ma-
terial from meteoriteandcosmic dusfl]. Compared
to terrestrial soils, thenartiansoils have accumulated
over much larger time periods, and #wduble volatile
elements will not beemoved to sink®ecause of the
generalabsence ofainfall. Early in Marshistory the
impact cratering rateas atits highest and thisould
lead to large chondritic contributions [Bspecially if
alteration of impact deposits preferentially contributed
to the martiansoil [3]. Martian impact melts may
contain up to 40% projectilmaterial, which is due to
low impact velocities [2].

During theearly part of Martianhistory water was
more available, leading tgiant outflow episodes.
Within the outflow channels,excavated outcrops of
buried soils may occur.The brief nature of the out-
flow episodes may have prevensagnificant leaching
of exposed soils except in lakg. During the later
history of Mars, volcanismand the deposition of
cosmic dust may have been madmportant as the
amount of volcanicand impact activity waned.
Deeplyburied soils may have beeffected bydiage-
netic processes involving groundwater, whinhy be
responsible for layers visible ithe upper walls of
Valles Marineris [5]. Thus the nature siils formed
at different times in Mars histompay record different
trace element signatures.

and Cl arelost from thevolcanic gas, increasing the
contribution of trace elements to the soil bfaetor of
one hundred, thefollowing elements would also be
enriched by more¢han afactor of two: Bi, As, F, Cd,
W, and Zn. Elements thatould probably bevery
enriched by volcanic emissions for which flinfor-
mation is not available include Au, In, Hg, and Se. Of
the possible elemengnrichmentspnly S, Cl, F, and
Zn have concentrations in SNC meteorites greater
than 10ppm, suchthat they might bedetected in an
enriched soil by spacecraft experimentBased di-
rectly on thecomposition of Hawaiian fumarole de-
posits, Clarkand Baird[1] suggestedthat martian
soils may havéigh concentrations of PiBr, Sb, Hg,
and As.

Hydrothermal alteration and palagonitization
The chemical alteratioprocesses effectingninerals
andglasses produced by volcanigmd largeimpacts
not only provide clayghat contribute to the bulk ma-
terial in martiansoils, but also release fluid-mobile
elements which can be transportaadd deposited at
the surface in hot springand fumarole deposits.
Bosloughand Cygan [8] showedthat shock-activated
minerals are moreasily alterednhancing theffects
related to impacts. In general, Si, Mgd Ca are de-

Using the available data,pleted in palagonite, while Fe, &nd Al aregenerally

including terrestrial analog data we have calculated unfractionated. With fresh watexposure, Nand K

possible soikignatures thatould be used to identify
the origin of different soils.

Degassing and volatile element emissiofaima-
role emissions from volcanoasdlavaflows arewell
known on theEarth(e.g. [6]),and are thought to rep-

are generallydepleted, but these elememi® not de-
pleted during palagonite formation irsea water.
Similar results haveébeen obtained in experimental
alteration of basaltic glasses (e.g. [9,10]). Trace ele-
ments from fresh water alteration of basalilasses
from British Columbiaare enriched relative to fresh
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basalt for Cs, BaHf, Ta, Th, U andRareEarth Ele-
ments [11]. Other elements, includi8g, Rb, Cr, Co
and Ni arevariably enriched or depleted in different

Baird [18] suggestethat a Clcomponent could have
been added tthe martiansoil. Normalizing to the
measured S content of theartiansoil, if all of the S

samples, with a tendency for Co, Ni and Cr to be more was from a Cl source, elements enriched by riuae

concentrated in high-Al palagonitesnd depleted in
low-Al palagonites.Other studies of palagonitization,
by Staudigeland Hart [12],found that theREE's are
depleted irmarine palagonitegindstudies by Furnes
[13] of subglacial hyaloclastite from Iceland, found
that theelements least affected lajteration are Zn,
Ni, Y, Ba and Nb.

Chemical transport within impact cratdeposits
has not been extensively studied. Transpovotatile
elements such as K, Mand Br haseen reported in

a factor of twocompared to SNC meteoritegould
include: Ni, As, Bi, Au, S, Se, Ag, Cu, Co, Cl, Br, Cd,
Sh,In, andPb. Of these elements o, S, Co, ClI,
and Pbhave concentrations in SNC meteorites greater
than 10ppm, suchthat they might bedetected in an
enriched soil by spacecraft instruments.

Conclusions The martiansoil contains trace ele-
mentclues to itsorigin andage. Ahigh content of
siderophile elements relative to SNC meteorites will

impact melt deposits from the East Clearwater crater suggest derivation largely from alteration of impact

[14] and at Brent Crater [15]. At the Manson crater,
alkali elementswere lost from porous IMB (Impact
Melt Breccia)units, and at theedges of IMBunits
[16]. New microprobe analyses dhe clay vesicle
fillings in the suevite fromOtting at theRies crater
(Fig. 1) indicate that thelays are substantially de-
pleted in Na, K, Pand somewhat depleted in Ca.

melt deposits. High concentrations of volatile ele-
mentsmay point to large contributions fromolcanic
and impact meltlegassingandfumarolictype depos-
its. The presence @bsence of such deposits in the
soils fromthe early history of Mars will bear upon the
possible existence of an early wet epochvtars. Al-
though the surficiaboils analyzed byhe two Viking

Presumably, these elements have been transportednders suggests globally mixed aeolian deposit,

away bythe fluids whichwere responsible fathe al-
teration.
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Figure 1 Backscattered electron image of impact melt
glass from Otting at the Ries Crater, Germany.

Chondrite additions The rain ofthondritic debris
including organic matter [17] on Mars is more intense
than at the Eartlbecause ofhe proximity of the as-
teroid belt. The chondrites are highly enriched in
siderophile elements compared meartian samples
because of core formation Mars. In contrast, the
incorporation of achondrite material into theartian
soil wouldnot beeasily detected, since core formation
and degassing also fractionated sideroplailted vola-
tile elements in most of the achondrite€lark and

significant differencesnay exist between soil deposits
in the ancient cratered highlands of Maasid the
younger volcanicterrains of the other hemisphere.
Finally, thepossibleenrichment of the soil in metals,
such as arseniandlead from both fumarolic activity
and chondritic debris has implications for the origin of
life, andrepresents a possibhazard tdfuture human
exploration.
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